Abstract Photodynamic therapy (PDT) combines a photosensitiser, light and molecular oxygen to induce oxidative stress that can be used to kill pathogens, cancer cells and other highly proliferative cells. There is a growing number of clinically approved photosensitisers and applications of PDT, whose main advantages include the possibility of selective targeting, localised action and stimulation of the immune responses. Further improvements and broader use of PDT could be accomplished by designing new photosensitisers with increased selectivity and bioavailability. Porphyrin-based photosensitisers with amphiphilic properties, bearing one or more positive charges, are an effective tool in PDT against cancers, microbial infections and, most recently, autoimmune skin disorders. The aim of the review is to present some of the recent examples of the applications and research that employ this specific group of photosensitisers. Furthermore, we will highlight the link between their structural characteristics and PDT efficiency, which will be helpful as guidelines for rational design and evaluation of new PSs.
Introduction
In comparison to the conventional anticancer therapies such as surgery, chemotherapy and radiotherapy, photodynamic therapy (PDT) has several advantages. It is largely non-invasive, and site-specific, and thus can be used when conventional therapy is ineffective and/or not advised (Allison and Moghissi 2013a) . Photosensitiser (PS) is usually non-toxic in the absence of light, and is passively accumulated and retained in the tumour tissue (Vaidya et al. 2006) . The mechanism that conferes this therapeutically advantageous feature is known as enhanced permeability and retention effect (EPR) (Maeda et al. 2016) . Once a PS is accumulated in the tumour, it is activated with local application of light of the appropriate wavelength, which leads to the formation of the cytotoxic singlet oxygen ( 1 O 2 ) that can kill tumour cells. Singlet oxygen diffusion is usually limited to within the cell due to its short half-life (Skovsen et al. 2005) , so upon photoactivation only those cells that accumulated PS are killed, with minimal collateral damage to the surrounding healthy tissue. PDT also usually spares the surrounding connective tissue, which is very important when the tumour is in a delicate region and the organ structure must be preserved (Allison and Moghissi 2013b) .
In PDT, illumination brings the PS to the excited triplet state via intersystem crossing (ISC), and this energy is then transferred to the molecular oxygen, generating the singlet oxygen ( 1 O 2 * ) (Dolmans et al. 2003) . The singlet oxygen generation is thought to be the primary mechanism by which PDT damages tumour cells, and is known as the type II process. The electron/energy transfer can also result in the formation of other reactive oxygen species (ROS) such as superoxide anion and hydroxyl radicals, which is known as the type I process ( Fig. 1) (Dolmans et al. 2003) . It is often difficult to establish how much each of these processes contributes to the overall cell damage, but it is generally accepted that the singlet oxygen is the most important factor in the targeted killing of tumour cells in sufficiently oxygenated tumours, whereas the type I process is more important in hypoxic conditions (Sibata et al. 2000; Ding et al. 2011) . In addition to the direct ROS-mediated damage, two additional mechanisms contribute to tumour cell elimination: vascular damage and induction of immune responses. Solid tumours, for instance, are sensitive to all of these PDT-induced anticancer mechanisms, and, moreover, their synergistic effects have been reported (Dolmans et al. 2003) .
Curiously, although the principle of PDT was discovered more than 100 years ago, after PS-treated microorganisms died upon exposure to sunlight (Ackroyd et al. 2001) , only recently has it been developed as a potential antimicrobial therapy. Like cancer cells, pathogens can be eliminated by the direct killing via oxidative stress and there is some evidence that this also enhances the PDT-mediated immune response to certain bacteria (Tanaka et al. 2012) . The development of drug resistance is a common problem in many antiviral treatments and chemotheraphies, and antibiotic resistance is an imminent global threat to public health (WHO 2016; Housman et al. 2014) , so new treatment modalities for these diseases are widely sought after. Photodynamic antimicrobial chemotherapy (PACT) is a possible remedy as it proved to be effective against methicillinresistant Staphylococcus aureus (MRSA) and other multiresistant bacteria (Maisch 2015) . Moreover, there is no evidence for the development of resistance to PACT, and such resistance is considered highly improbable, because the oxidative stress in PACT is initiated by a PS that is usually present at multiple cellular sites (Tavares et al. 2010; Maisch 2015) . Similarly, PDT attacks tumours by causing oxidative damage to different cellular components, and even though there are some examples of resistance to PDT, evidence of resensitisation and synergy in chemoresistant tumour cell lines support the notion that PDT could play an important role in overcoming cancer drug resistance (Spring et al. 2015) .
Despite having several advantages over conventional therapies, the use of PDT in cancer is so far limited to superficial or endoscope-accesible tumours, therefore primarily those situated in the skin, esophagous, stomach, bile duct, bladder, and lung (Wang et al. 2001; Allison et al. 2004; van Straten et al. 2017) . Moreover, even though numerous studies have demonstrated that PS can be used against essentially all types of microorganisms, PDT is infrequently used as antimicrobial treatment, except in limited scope in dermatology and dentistry (Kharkwal et al. 2011) . This is in part caused by still suboptimal selectivity of PS for targeted cells. This problem is thus far being mitigated by topical PS administration, which in turn severely limits the applicability of PDT. Therefore, more effective and selective PS are much sought after. In this review, we argue for the advantages of a specific group of porphyrin-based cationic photosensitisers with amphiphilic properties, and elaborate why their chemical properties could be beneficial in PDT against cancer cells, microorganisms and possibly inflammatory/autoimmune diseases. Emphasis will be given to discussing amphiphilic porphyrin-based compounds as small molecule PS drugs, bearing various numbers of positive charges and lipophilic moieties, intended for passive targeting approaches in PDT. Cationic porphyrins that are used for conjugation to large biomolecules, and their amphiphilic conjugates, will only be mentioned in the context of active targeting in cancer therapy. The directions for the future tailor-made PS will also be discussed.
The development of photosensitisers for clinical use
The fluorescence and the tumour tissue accumulation of haematoporphyrin derivatives (HpD) were described at the beginning of the twentieth century (Mitton and Ackroyd 2008) . HpD are obtained by isolating the blood-derived heme, which is the prosthetic group of haemoglobin, myoglobin and cytochromes, and by its acid hydrolysis. Further research and purification of HpD led to the preparation of the first registered photosensitiser, Photofrin ® , at the end of the twentieth century. Controversy about the efficacy and safety of the Bfirst generation^PS is ongoing because its exact composition is still unknown (Ackroyd et al. 2001) . A slight improvement was made with Photofrin II, which has a higher content of active components (Berg et al. 2005) . However, the main drawbacks of all first-generation photosensitisers are: (in addition to) unknown composition, insufficient accumulation in the malignant tissue, and concomitant (prolonged) photosensitivity of healthy tissues (Ackroyd et al. 2001) . Furthermore, porphyrins are mostly absorbing light in the region of 400-420 nm (Soret band), with weaker absorptions at higher Fig. 1 Scheme of the photophysical and photochemical processes involved in PDT wavelengths (Q bands). This is inconvenient because the red light can penetrate deeper into the tissue, thus making the PS with stronger red light absorption more valuable in PDT (Stolik et al. 2000) . Several improvements came with the advent of the second-generation photosensitisers, which are chemically pure compounds, obtained either by de novo synthesis or by modification of the known natural compounds. Some of them, such as chlorin and bacteriochlorin derivatives, also exhibit an improved absorption in the red-light region (Berg et al. 2005) . However, many photosensitisers of the second generation are still not selective enough to reduce or prevent the undesirable side-effects associated with generalised skin photosensitivity (Ackroyd et al. 2001; Josefsen and Boyle 2008) .
Photosensitisers currently approved for clinical use are mostly porphyrin-related, and, apart from HpD (Photofrin (Allison et al. 2004; van Straten et al. 2017) . A significant number of photosensitisers are currently being tested in numerous clinical trials for the treatment of different types of tumours, age-related macular degeneration and various skin disorders (Wilson and Patterson 2008) . Apart from porphyrin-based sensitisers (the basic structures of the most common PSs are presented in Fig. 2) , there are some non-porphyrin compounds under investigation in clinical trials, such as hypericin (an anthraquinone), methylene blue (a phenothiazine), rose bengal (a xanthene), curcumin (a curcuminoid) and merocyanine 540 (a cyanine), but these are at the moment less promising, possibly due to a lack of knowledge about their pharmacokinetic properties (Ormond and Freeman 2013) .
The efficacy and safety of a PS could be substantially improved by careful PS design and synthesis. The ideal PS should be highly selective for the target tissue (i.e. tumours in PDT or microbes in PACT), and having fast accumulation and efficient retention in the target tissue, but should be rapidly cleared from the body to avoid systemic toxicity and skin photosensitivity. It also has to be prepared by a reliable and cost-effective synthesis and has to be a stable, pure compound that is not toxic in the absence of light, but is efficient in generating singlet oxygen or other ROS upon red light activation. The generally accepted requirements that one has to take into account at the beginning of a search for a new PS also include easy administration and distribution (Vicente 2001; Pushpan et al. 2002; Ethirajan et al. 2011; Yoon et al. 2013; Mehraban and Freeman 2015) . Porphyrin-type compounds (Fig. 2) , both synthetic and modified natural products, have almost ideal physical and chemical properties for therapeutic purposes because they are mostly non-toxic without irradiation, but efficiently absorb light in the visible, and some of them even in the near infra-red area, and can generate singlet oxygen. In addition, they have an ability to release fluorescence, which also makes them attractive for diagnostic purposes, and with potential application in theranostics (=diagnostics + targeted therapy) and fluorescence-guided tumour dissection (Allison 2016; Vicente 2001; Josefsen and Boyle 2012) .
Most PSs already have so-called passive selectivity for tumours, but their targeting in cancer therapy can be improved into Bactive targeting^by conjugation to biological macromolecules such as monoclonal antibodies (further discussed below), homing peptides and sugars; these conjugates are known as third-generation PSs (Ethirajan et al. 2011; Josefsen and Boyle 2012) . The latest development in PDT research is the possibility of using nanomaterials as PS carriers, and, furthermore, delivering PS together with an imaging agent via nanocarriers for selective and targeted PDT (Wang et al. 2004; Josefsen and Boyle 2012) .
Mechanism of PS action in PDT
PDT is thought to exert antitumor effects by three main mechanisms: (1) direct ROS-mediated cell cytotoxicity, (2) vascular destruction, and (3) stimulation of immune responses (Sharma et al. 2012) . ROS are highly reactive and exert toxicity mainly by damaging lipids, and to a lesser extent proteins and nucleic acids, thus leading to the disintegration of cell and organelle membranes. Such damage triggers direct apoptotic and/or necrotic tumour cell death. PDT can also induce autophagy, which sometimes also triggers death, but the role of autophagy in PDT is not yet fully understood and it seems ambiguous, promoting both cell survival and death (Reiners et al. 2010; Inguscio et al. 2012) . A second important PDT target is the tumour vasculature. Activated PS can directly damage the existing vessels and/or inhibit the formation of new ones (Olivo et al. 2010) . The balance between these two executive Fig. 2 Basic structure of porphyrin and the most common porphyrintype photosensistisers mechanisms of PDT depends not only on the nature of the PS but also on the choice of the drug light interval (DLI), which is the period between the time of drug administration and the time of irradiation. In the case of direct tumour cell targeting, the DLI is usually much longer than in the case of vascular targeting, to allow PS accumulation in the tumor cells (Chen et al. 2006) . The PDT that preferentially targets blood vessels is known as vascular-targeted photodynamic (VTP) therapy. For instance, a second-generation sensitiser, palladium bactereopheophorobide (TOOKAD ® ), was specifically developed for soluble VTP therapy (Azzouzi et al. 2013) . Finally, PDT can also elicit immune responses, which can sometimes be long-lasting and prevent tumour recurrence (Allison and Moghissi 2013a, b) . Importantly, by providing this vaccination effect, PDT has a notable advantage over the conventional anticancer therapies in which potentially immunogenic tumour tissue is excized and/or the protective immune responses are suppressed by chemotherapy (Brackett and Gollnick 2011) . The choice of PS for a specific application will thus be based on matching its preferential mechanism of action to the tumour type. For example, heavily vasculated tumours might be good targets for PS with the dominant VTP effect. It has been suggested, though, that sometimes the combination strategy which acts by all of these mechanisms is the most effective, as exemplified in bulky solid tumours .
Targeting considerations
Even when applied systemically, most PSs passively accumulate in tumours. Some of the parameters that positively correlate with such accumulation are: high metabolic activity, tumour neoangiogenesis coupled with vascular leakiness and impaired lymphoid drainage, upregulation of LDL expression, decreased pH, and presence of macrophages (Sharma et al. 2012) . However, for some PSs, the dose achieved by passive accumulation is insufficient for therapeutic effect. An attempt to increase the specificity was made with the third-generation PSs, which are bio-conjugated compounds, designed to achieve high-level targeted therapy (Smith et al. 2011 ). This so-called active targeting is accomplished by conjugating PSs to monoclonal antibodies, tumour-homing and cell-penetrating peptides. Such conjugates can be prepared through synthesis of porphyrins and the related compounds bearing amine-reactive functional groups to ensure stable covalent bonding with biomolecules, and cationic moieties within porphyrins structure can facilitate conjugation by improving their water solubility (Giuntini et al. 2011) . Several water-soluble cationic diphenyland tetraphenyl-porphyrins with an isothiocyanate group were synthesised and successfully conjugated to a range of monoclonal antibodies (anti-EpCAM, anti-CD146, anti-CD104, anti-CD326). All these bioconjugates had the same binding properties in vitro as the unconjugated antibodies, and they were more phototoxic than porphyrins alone, while in vivo they suppressed growth of a colon cancer model in significantly lower doses compared to Photofrin ® (Malatesti et al. 2006; Smith et al. 2011) . Furthermore, some of the porphyrins and the same methodology were also used for the successful conjugation to single-chain variable fragment (scFv) antibody fragments, and described in one of the first reports on scFv conjugates for PDT (Staneloudi et al. 2007) .
The third-generation PS have been successfully used to increase the vascular targeting in a mouse squamous cell carcinoma and glioma models (Palumbo et al. 2011; Acker et al. 2016) . These photoimmunoconjugates were constructed from 5-[4-(succinimide-N-oxycarbonyl)phenyl]-10,15,20-tris-(4-N-methylpyridimiumyl)porphyrin trichloride linked to small immune proteins (SIP), i.e. antibody fragments against fibronectin, a marker of angiogenesis. As such, they selectively localised in the tumour vasculature (Palumbo et al. 2011) . However, some of the observed drawbacks of the active targeting by conjugation to monoclonal antibodies were indicated by less successful tumour penetration and activity in vivo (Ethirajan et al. 2011) , and loading of PS that can be problematic in two almost opposite ways. The non-covalent bonding between the antibody and the photosensitiser has been shown to compromise binding properties of the antibody, while the covalent binding approach to forming conjugates often results in a minimal loading, which can be impractical for PDT applications (Milgrom 2008) .
Remaining challenges in both active and passive targeting intensified the search for nanomaterials, such as liposomes, polymeric, and gold and silica nanoparticles, that may combine both types of targeting, increase passive targeting of PS through the EPR effect or deliver otherwise water-insoluble PS (Hong et al. 2016 ). An effective nano-PDT system was constructed from mesoporus silica nanocarriers that were loaded with protoporphyrin IX and an imaging agent (FITC), then derivatised with folate on the phospholipid-capped nanocarriers for selective targeting (Teng et al. 2013) . Nanomaterials can also be loaded with immunostimulatory agents, together with a PS, to enhance PDT-induced immune responses (Yang et al. 2016 ). However, systemic toxicity associated with nanomaterials is still an issue that needs to be fully addressed to ensure safe and successful clinical translation (Hong et al. 2016) .
Finally, targeting in PDT has to take into account the propensity of PSs for associating to LDL or other serum lipoproteins or proteins that can serve as their delivery vehicles, as well as their final subcellular PS localisation (Allison and Moghissi 2013a) . The latter is of considerable importance because the short half-life of PSs ensures that the maximum ROS-mediated damage in PDT is achieved at a precise subcellular localisation (van Straten et al. 2017) . Some PSs exhibit preferential localisation in the ER, mitochondria, plasma membrane, lysosomes, or nucleic acids. The latter is especially important in antimicrobial and anticancer PDT (Li et al. 1997; Castano et al. 2004 ). The physicochemical properties that determine the preferential subcellular location are complex, and are discussed at length in the next section. The evidence so far suggests that targeting mitochondria is favourable for most PDT applications, because such PSs rapidly cause mitochondrial depolarisation and elicit effective photodamage and consequently trigger apoptosis (Morgan and Oseroff 2001) . A positive charge in the structure of a PS can be used to target mitochondria, and in comparison to neutral and anionic PSs, cationic forms of the PSs are more readily attracted by mitochondria (Morgan and Oseroff 2001) . However, mitochondrial targeting can be challenging, as PSs can redistribute during photoactivation. PS lipophilicity and binding to serum proteins and lipoproteins may also influence intracellular localisation. Overall, the rational PS design could provide more selective targeting, which will perhaps in some cases overcome the need for conjugation to antibodies or other targeting molecules. From a practical point of view, this would be beneficial because passive PSs are cheaper, easier to prepare, administer, and distribute.
Amphiphilic cationic porphyrin-based photosensistisers

Structure-activity relationships
Recently, a quantitative structure-activity relationship (QSAR) model was developed using the multiple linear regression analysis (MLRA) technique to correlate the structural features of 36 poprhyrin-based PSs with their PDT activity, and it showed a strong influence of descriptors such as electrostatic and steric properties on the PDT activity. The model confirmed some of the compounds as active PSs, and was also able to discover some potential PSs, but additionally some compounds that were flagged theoretically as active PSs by this model did not show good PDT activities in experimental conditions, indicating the need for further improvements of the model (Frimayanti et al. 2011) . Nevertheless, the development of such models is expected to help the search for new and better PSs, especially in the so-called passive drug approach. As would be expected, there is a good correlation between the generation of 1 O 2 and PDT efficiency; however, the balance between hydrophilic and hydrophobic characters of the compound and the overall lipophilicity has been shown to have a high influence on PDT activity, but a more precise correlation between all variables and PDT efficiency needs to be established to elucidate the structure of an ideal PS (Frimayanti et al. 2011) . Several examples of structure-activity relationships (SAR) of porphyrin-based PSs for PDT have indicated that the most efficient photosensitisers could be those with amphiphilic properties (Graham et al. 2003; Ethirajan et al. 2011 ).
Types of porphyrin-based cationic amphiphilic PSs
Porphine, a tetrapyrrole core of all porphyrins, is hydrophobic. Amphiphilic porphyrins, synthetic and natural compounds (e,g. heme) have both hydrophilic (polar head) and hydrophobic (tail) moieties. Hydrophilic moieties derive from charged or uncharged polar head groups, and additional hydrophobic moieties most often from hydrocarbon (alkyl) chains (Pisarek et al. 2014) . Cationic amphiphilic porphyrin-based PSs obtained completely by synthesis are mostly meso-substituted porphyrins with different symmetry patterns, free or in complex with metal (Caminos et al. 2006; Lazzeri and Durantini 2003) . There are somewhat fewer examples of different cationic amphiphilic phthalocyanines, mostly metalated with zinc(II) (Dummin et al. 1997; Kussovski et al. 2009 ), but also with other metals such as silicon (Allen et al. 2001; Mantareva et al. 2013) , then synthetic chlorins (Costa et al. 2012a) , bacteriochlorins (Sharma et al. 2013; Yakubovskaya et al. 2014 ) and isobacteriochlorins (Mesquita et al. 2014) . The great advantage of phthalocyanines, chlorins and (iso)bacteriochlorins as PSs is better absorption of red light, which facilitates treatments of deeper infections and deep-seated tumours, but some of the frequent drawbacks often associated with these compounds include a propensity for aggregation and insufficient solubility in water (Mantareva et al. 2013; Sharma et al. 2013 ). Recently, porphycene, which is a structural isomer of porphyrin, is receiving more attention as a PS for PACT (Ragàs et al. 2010) . Cationic amphiphilic PSs can also be prepared by modification of natural porphyrin-related compunds such as the preparation of derivatives of pyropheophorbide-a (Stamati et al. 2010) . Interestingly, there are only a few examples of cationic derivatives of chlorin e6 (Ce6), and these were surprisingly insoluble in water despite their hydrophilic moieties (Tarabukina et al. 2015) . On the other hand, there are more examples of Ce6 being loaded in cationic liposomes as nanocarriers for both PDT against tumours (Shim et al. 2011 ) and for PACT against Candida albicans ).
Metalated PSs
Metal ion is known to change photophysical properties of the porphyrins and related macrocycles, and thus it can be expected to influence photodynamic properties (Lazzeri and Durantini 2003) . When preparing new PSs by core metalation, one should keep in mind that generally diamagnetic metals have a long triplet lifetime, while paramagnetic materials exhibit a shorter liftime, and thus higher singlet oxygen quantum yield could be expected with diamagnetic metals. This fact seems mostly relevant for phthalocyanines and texaphyrins that are better PSs when existing as diamagnetic complexes rather than in paramagnetic or free base forms. However, the most efficient porphyrin PSs are metal-free (Josefsen and Boyle 2008) . Amongst metalloporphyrins, those with manganese(II) are interesting as contrast agents for magnetic resonance imaging (MRI) (Ali and van Lier 1999) . Mn(III) Nalkylpyridylporphyrins are known superoxide dismutase (SOD) mimics, and comparison between the ortho, meta and para isomers, as well as the length of the alkyl chain, confirmed the importance of the lipophilicity on this activity (Kos et al. 2009 ). Interestingly, the same group of compounds, upon change of the metal centre from Mn(III) to Zn(II), such as zinc (II) meso-tetrakis(N-n-hexylpyridinium-3-yl)porphyrin (ZnTnHex-3-PyP) (Fig. 3) showed potential as PS instead of acting as SOD mimic, and are now being studied in PACT (Alenezi et al. 2017) . Even though the most efficient porphyrin PSs are metal-free, possible interactions with metal ions in the organism should be taken into an account. For instance, it has been suggested that all free base PSs can interact with copper, and this may contribute to dark cytotoxicity and phototoxicity of the tumour (Al-Omari 2013).
Synthesis of amphiphilic PSs
The synthesis of the most common cationic amphiphilic porphyrins was reviewed recently by Pisarek et al. (2014) . The largest fraction of cationic amphiphilic porphyrins are 2-, 3-or 4-pyridinium salts, obtained by alkylation of 2-, 3-or 4-pyridylporphyrins with alkyl halides of different chain lengths. Depending on the number of the pyridyl groups on the porphyrin, the number of cations can range from 1 to 4, and there are two isomers of the porphyrin with two pyridinium groups (cis or AABB and trans or ABAB). Lipophilicity of all these compounds can easily be increased by increasing the number of carbons in the alkyl chains and/or decreasing the number of cations. Notably, monocationic porphyrins are usually not water-soluble, while cis isomers are less hydrophobic than trans isomers and considered better amphiphiles, thanks to the welldefined head/tail structure (Pisarek et al. 2014 ). There are also ammonium and phosphonium salts as cationic amphiphiles, but phosphonium groups are more lipophilic and were considered less favourable for PS structure due to self-aggregation because of the interactions of highly polarisable phosphonium cation with the highly polarisable porphyrin π-surface (Jin et al. 1997) . However, the triphenylphosphonium group in the structure of a PS has recently been getting more attention as delocalised lipophilic cations (DLC), indicated for selective cancer mitochondria targeting (Modica-Napolitano and Aprille 2001). Apart the introduction of a long(er) alkyl chain, lipophilicity of a molecule can be increased with a trifluoromethyl group (Böhm et al. 2004) , and a series of cationic amphiphilic porphyrins with one or more CF 3 groups, s u c h a s 5 -( 4 -t r i f l u o r o p h e n y l ) -1 0 , 1 5 , 2 0 -t r i s ( 4 -trimethylammoniumphenyl) porphyrin (TFAP(3+)) (Fig. 3 ) have been prepared, mostly for PACT applications (Lazzeri and Durantini 2003; Caminos et al. 2006) .
PS distribution
The overall lipophilicity and charge determine pharmacokinetic and pharmacodynamic PS properties, and are important for drug distribution and the intracellular localisation. Therefore, amphiphilic structures are attractive for PDT because the hydrophilic part facilitates drug administration by making it water-soluble, while the hydrophobic part facilitates cell entry and accumulation (Ethirajan et al. 2011) . The interaction of PS with serum proteins also impacts its distribution, and several groups have investigated the possibility of using serum proteins as PS carriers. Hydrophobic PSs are more likely to bind to the low-density lipoproteins (LDL), while more hydrophilic ones bind albumin fractions (Bonneau and Vever-Bizet 2008) . For example, it was found that bacteriochlorophyll derivatives with improved amphiphilic properties had an increased affinity to serum albumin, and this was shown to be beneficial for the vascular targeted PDT (Brandis et al. 2005) . Asymmetric and amphiphilic PSs can be associated with both albumin and high-density lipoproteins (HDL) (Bonneau and Vever-Bizet 2008) . Cationic tetrapyridinium porphyrin makes a stable complex with the serum albumin, which then displays intensive fluorescence (Lebedeva et al. 2013) . The tumour environment is known to be acidic, and it can shift PSs preference from albumin to LDL, which, in turn, is connected to better tumour retention (Bonneau and Vever-Bizet 2008) . This mechanism is not yet completely understood, thus new investigations are needed to achieve more effective PDT by finding an optimal combination of the structure of the PS and the irradiation time, as well as the dose of the applied light, since all these factors are interconnected in a complex manner (Bonneau and Vever-Bizet 2008) .
The relevance of positive charge(s) on targeting and solubility Cationic PSs can efficiently target Gram(−) bacteria, even without pre-treatment with a metal chelator such as ethylenediaminetetraacetic acid (EDTA), which otherwise has to be applied when anionic PSs are used in order to remove divalent cations and to enhance the permeability of the outer wall (Jori et al. 2006; Gsponer et al. 2015) . This ability of cationic PSs stems from electrostatic interactions with the negatively charged cell envelope (Liu et al. 2015) , and it has been suggested that, with a higher number of positive charges, but also adequate length of alkyl chains, such compounds should be a good choice for clinical PDT of microbial infections caused by Gram(+) and Gram(−) bacteria, yeasts, fungi, mycoplasmas and pathogenic protozoa (Jori et al. 2006) . The PDT activity of cationic porphyrin derivatives with one, two and three positive charges, deriving from the same number of 4-(trimethylammonium)phenyl groups on the periphery of the macrocycle, were studied against Escherichia coli. The SAR for photoinactivation of E. coli indicated the porphyrin with the highest number of charges as the most promising PS (Spesia et al. 2005) . On the other hand, a high number of cationic charges is characteristic of the water-soluble zinc phthalocyanine with 16 quaternised imidazolyl moieties on the periphery, and this PS was presented with low dark toxicity to noncancerous cells and high anticancer PDT (Makhseed et al. 2013 ). Important to note, the high number of positive charges was introduced to enhance water solubility and avoid aggregation typical for phthalocyanines and other PSs that are too lipophilic. It is well known that self-aggregation of a PS is generally a drawback in PDT since it reduces the 1 O 2 formation (DeRosa and Crutchley 2002). Self-aggregation tendencies of cationic amphiphilic porphyrins have been extensively studied, and it seems that the most important factors are electronic and structural effects that influence self-aggregation in a complex manner (Kano et al. 2000) . The length of the alkyl chain has a strong impact on aggregation, and pyridinium porphyrins with longer alkyl chains (C8, C12 and C18) have been shown to form micelles (Dancil et al. 1997) . Nevertheless, aggregation is generally not so problematic for cationic amphiphilic porphyrins because they usually start to aggregate in concentrations higher than 10 −5 M, while a good PS is expected to be PDTefficient in concentrations < 10 −6 M (Malatesti et al. 2016; Simões et al. 2016 ).
Lipophilicity and cellular uptake
The octanol-water partitioning coefficient, logP, is a parameter for hydrophobicity and has proved to be useful for the prediction of the ability of a PS to enter into biomembranes or bind to liposomes, and to study cellular uptake of PSs (BenDror et al. 2006) . Lipophilicity was shown to be important for better cellular uptake and consequently stronger anticancer activity in PDT (Rapozzi et al. 2014) , as well as microbial photoinactivation in PACT (Mantareva et al. 2013 ). The amphiphilic and completely water-soluble porphyrin with tricationic pyridinium-3-yl groups and a very lipophilic 4-octadecanamidophenyl group at the fourth meso-position was used in PDT on HeLa cell line, and it exhibited significantly higher phototoxicity than the hydrophilic counterpart bearing a 4-acetamidophenyl group instead of the one with a long alkyl chain. These two cationic porphyrins had almost identical, photophysical properties, but different logP and hydrophilic-lipophilic balance (HLB), and subsequently very different PDT activity, thus confirming the importance of the lipophilicity on the cellular uptake and overall PDT efficiency (Malatesti et al. 2016) . Four cationic Zn(II) phthalocyanines with different lengths of the alkyl side-chain ranging from (methyl)-pyridyloxy to (dodecyl)-pyridyloxy were used for the photoinactivation of Aeromonas hydrophila, and the study showed that both the accumulation and the PDT efficacy increases with the length of the alkyl chain (Kussovski et al. 2009 ). Metallophthalocyanines with different charges, hydrophobicity (four or eight N-alkylpyridyloxy groups) and metal ions [Al(III), Ga(III), In(III), Si(IV) and Ge(IV)] were investigated in PACT, and those cationic PSs were shown to be more promising than anionic ones against all the studied pathogenic bacteria and fungi, including fungal biofilms. The cationic metallophthalocyanines with longer alkyl chains also showed better uptake in the studied microbial cells (Mantareva et al. 2013) . Similarly, the relevance of logP and phototoxicities of 16 different meso-porphyrins were investigated on HaCaT keratinocytes. In comparison, among anionic, neutral with polar groups and neutral hydrophobic porphyrins, only cationic meso-(1-methyl-4-pyridinium)porphyrins were shown to be PDT-efficient and were proposed to be used as PSs for psoriasis treatment. Amongst the cationic PSs, the most efficient were those with two and more charges, especially the dicationic cis-isomer, and those with methylpyridinium groups directly attached to the meso carbon of the porphyrin ring (Slomp et al. 2017) . Finally, two new derivatives of pyropheophorbide-a (PPa) have been synthesised and their PDT activity on SKOV3 ovarian cancer cells studied. The results showed increased cellular uptake of both new derivatives in comparison to PPa, but different localisation, and it was suggested that hydrophobic and hydrophilic groups are the most effective when they are on opposite sides (Stamati et al. 2010) .
Hydrophobic PSs need to be loaded on nanocarriers, such as liposomes, for their delivery to the targeted cells, but a byproduct of this mode of delivery is that they also seem to target the plasma membrane which results in necrosis, which is a less desirable mode of cell death for some PDT applications. Neutral lipophilic porphyrins with long alkyl chains (C16) were conjugated to cationic liposomes, used as carriers to enable the PSs to enter the studied cancer cells [Me45, Hct116 and B16(F10)] by endocytosis. After 4 and 12 h, PSs were localised in the plasma membrane and in peripheral regions of the cytoplasm, and more necrotic cells in comparison to apoptotic were observed after longer time periods, and especially when a higher light dose was used (Kramer-Marek et al. 2006) . Conversely, targeting mitochondria in PDT is preferable to targeting plasma membrane and lysosomes, because it was shown to induce apoptosis rapidly, both in vivo and in vitro (Morgan and Oseroff 2001; Almeida et al. 2004; Plaetzer et al. 2005; Bonneau and Vever-Bizet 2008) .
Mitochondrial targeting
Tumour cells have different mitochondria than healthy cells, and their role is very important in cell survival and death. The mitochondrial internal membrane is negatively charged, and cationic PSs are more likely to be attracted to mitochondria through electrostatic interactions than neutral and anionic PSs (Morgan and Oseroff 2001) . Four cationic meso-tetraphenylporphyrins, t w o w i t h tr i p h e n y l p h o s ph o n i um a nd t w o w i t h triethylammonium ion at the end of the alkoxy chain, in either the meta or para position of one meso-phenyl group, were all proved by confocal fluorescence microscopy to target mitochondria in a human breast cancer cell line (MCF-7 cells), despite the difference in lipophilicity (Lei et al. 2010) . Cationic phthalocyanine, 2,9,16,23-tetrakis (hexyldimethylammonio)zinc(II)phthalocyanine tetramethylsulphate (ZnPcA6), was shown to be accumulated in the inner mitochondrial membrane of HeLa cells. Furthermore, this cationic lipophilic ZnPcA6 was more efficient than the analogue with shorter alkyl side-chains (ZnPcA1), the ether analogue (ZnPcE6) and the anionic phthalocyanine (ZnPcS) (Dummin et al. 1997 ). More specifically, cytochrome C oxidase (COX) in mitochondria of living HeLa cells was identified as the binding site for the cationic lipophilic Pt(II)-tetramethylpyridylporphyrin as PS (Börsch 2010 . Yet another example describes conjugation of a core-modified porphyrin (CMP-OH) to delocalised lipophilic cations (DLC), claimed for targeting mitochondria, rhodamine B and one or two triphenyl phosphonium cations (tPP), to obtain three DLC-porphyrin conjugates, CMP-Rh, CMP-(tPP) and CMP-(tPP)(2), respectively. All three cationic conjugates were significantly more PDT-efficient in mouse colon cancer cells (Colon 26), because of improved cellular uptake in comparison to unconjugated CMP-OH, but, b a s e d o n f l u o r e s c e n c e m i c r o s c o p y, s e l e c t i v e mitochondria-targeting in human breast cancer cells (MCF-7) has been suggested only for CMP-Rh. A conjugate with two tPP groups was somewhat less efficient in targeting mitochondria, and the conjugate with only one tPP group was not evident in mitochondria, but both conjugates were more phototoxic than CMP-Rh, especially CMP-(tPP) which showed the highest cellular uptake (Rajaputra et al. 2012) . Surprisingly, mitochondrial localisation could not be proven for a series of derivatives of 5,10,15,20-tetrakis-(4-N-methylpyridyl)-porphine (TMPyP4), with alkyl chains of various lengths instead of a methyl group, despite bearing positive charges. Instead, they were shown to localise in lysosomes of human HT1080 fibrosarcoma cells, and there was no evidence of intracellular redistribution of the PS during PDT which probably resulted in necrosis. Lipophilicity was named in this case as a main factor that influenced the cellular uptake (by endocytosis), distribution and localisation (in lysosomes), and resulted in higher PDT efficiency of the PSs with longer alkyl chains (Ricchelli et al. 2005 ).
The number and position of charges vs. HLB in targeting, cellular uptake and localisation Clearly, the mere presence of a positive charge in the structure of a PS does not confer mitochondrial targeting, and several studies have shown that both the number and position of charges could be relevant for intracellular localisation and subsequent PDT efficiency of a PS. Five cationic amphiphilic porphyrins with different numbers and positions of charges were prepared by changing the numbers and positions of the 1-methylpyridinium-4-yl (cationic polar head) and pentafluorophenyl (hydrophobic) groups, and their ability for photoinactivation of E. coli was studied. Monocationic porphyrin was not sufficiently water-soluble and consequently not promising as a PS, while the dicationic cis isomer was a better PS than the trans isomer, and more lipophilic tricationic porphyrin was shown to be a better PS than hydrophilic porphyrin with four positive charges (Simões et al. 2016) . It has been previously suggested that cationic PSs with symmetrically positioned charges are more likely to be taken into cells through endocytosis and to target lysosomes, while those with asymmetrical charges are more likely to penetrate the plasma membrane by diffusion and to target mitochondria (Kessel et al. 2003) . A more systematic study of the binding of cationic meso-porphyrins to cellular membranes has been reported (Engelman et al. 2007 ). Investigation of interactions of 3-and 4-N-methylpyridinium porphyrins, having one to four positive charges, with liposomes, mitochondria and erythrocytes, revealed that the binding to liposomes or mitochondria is inversely proportional to the polarity, and thus it can be predicted by the logP values of the PSs, apart from the case of the amphiphilic dicationic cis-isomers that were presented with the highest binding constants. Dicationic cis-isomers, even though they have lower logP values than trans-isomers, were suggested to have a more optimal structure, to penetrate deeper into membranes than all the other porphyrins that seem to bind the membranes more superficially. The electrostatic effect derived from the mitochondrial transmembrane potential was estimated to contribute to up to 15% of the binding constants (Engelman et al. 2007 ). Furthermore, molecular dynamics simulations that were employed to model binding bet w e e n a s e r i e s o f c a t i o n i c m e s o -( N -m e t h y l -4 -pyridinium)phenylporphyrins and phospholipid membranes supported such experimental evidence, and confirmed the importance of the number and position of the charges as well as hydrophobicity-hydrophilicity balance, and their effect on the cellular uptake, intracellular localisation and PDT efficiency of a PS (Cordeiro et al. 2012) . In a similar study, hydrophobic and electrostatic interactions were found to be responsible for the association of a series of meso-substituted cationic porphyrins with liposomes. More hydrophilic tri(N-methyl-4-pyridyl)monophenylporphine chloride and tetra(N-methyl-4-pyridyl)porphine chloride were shown to be located closer to the polar heads of liposomes and had higher quantum yields of 1 O 2 , while more hydrophobic mono(N-methyl-4-pyridyl)triphenylporphine chloride and cis(N-methyl-4-pyridyl)diphenylporphine chloride were indicated in the lipidic phase and had lower quantum yields of 1 O 2 . This study pointed out that too high affinity of the porphyrin for the liposomal nanocarrier can be as problematic as too low, because it can hamper the release of the PS (Angeli et al. 2008 ). On the other hand, less efficient binding of a PS to cellular membranes could be an advantage in applications such as the treatment of blood infections where PS should have low affinity for blood cells and mich higher affinity for pathogen microbial cells (Engelman et al. 2007 ).
Finally, although not belonging strictly in this group of compounds, but worth mentioning, are porphysomes, liposomelike structures formed by self-assembly of the porphyrin-lipids. Porphyrin-lipid can be prepared by conjugation of a porphyrin molecule with one or more phospholipids, and this important and recent discovery is paving the way for many biological, diagnostic and therapeutic applications, including the preparation of activatable PSs for PDT (Huynh and Zheng 2014) .
Photodynamic antimicrobial activity
The progress of antimicrobial PDT has been considerably slower than that for anticancer PDT, a situation which can at least in part be attributed to the discovery of highly effective antimicrobial compounds, such as antibiotics (penicillin, tetracycline, etc.) and antivirals (nucleoside analogs, etc.) (Wainwright et al. 2017 ). However, although very safe and effective, the use of target-specific drugs (e.g. specifically against cell-wall, virus polymerase or protease) has inevitably led to the emergence of resistant clones, thus becoming a global threat (Bacon et al. 2003; Coen and Whitley 2011; Cortez et al. 2011; Memoli et al. 2011 ). Due to ROS-mediated targeting of microbial membranes, membrane proteins, DNA, etc., of various pathogens, PACT represents a broad-spectrum multitargeted approach with very limited, if any, chances for the development of resistant bacteria or viruses (Jori et al. 2006 , Tavares et al. 2010 Costa et al. 2012b; Dosselli et al. 2012; Maisch 2015) . PACT has been applied successfully to inactivate bacteria, fungi, protozoans and parasites, especially in topical applications such as skin wounds (burns and diabetic foot ulcers) or oral infections (periodontitis and root canal infections) (Tim 2015) . The success of antibacterial PDT depends upon more rapid PS uptake in bacteria in comparison to host cells (Wainwright et al. 2017) . Another advantage of PDT over antibiotics in antibacterial treatment is that PDT kills faster, and can target bacteria in biofilms and bacterial spores (Jori et al. 2006 ). There are recent extensive reviews on antibacterial PDT Chang et al. 2016; Hamblin 2016; Liang et al. 2016; Rodrigues et al. 2016a) , and thus here we will focus on the equally relevant, but less developed, area of antiviral PDT. We will particularly emphasise the molecular mechanisms of inhibition and focus on the antiviral use of porphyrin-based cationic amphiphilic PSs.
From the initial observation that methylene blue in the presence of light irreversibly inhibits T4 bacteriophage (Perdrau and Todd 1933) , through to the pioneering work of Wallis and Melnick on a number of different viruses and photoactive compounds, paved the road for the development of modern PACT Wallis et al. 1967; Gerba 1977; Melnick and Wallis 1977) , antiviral application of PACT has improved immensely due to innovations of efficient PSs, especially cationic amphiphilic photosensitizers. Currently, most efforts in the area of antiviral PACT focus on three areas: (1) Treatment of human papilloma virus (HPV)-induced lesions and warts (e.g. respiratory papillomatosis). However, although the etiology of the HPV lesions is linked to the virus, to our knowledge the PACT application has not been studied in the context of virus infection per se, but rather as a treatment of a virus-induced tumor, aiming to induce cell death and trigger immune responses in the affected area (reviewed in Lieder et al. 2014; Stern et al. 2012; Tao et al. 2014) ; (2) Inhibition of viruses in blood and blood products. The transmission of bloodborne pathogens by transfusion, despite thorough screening, remains a serious problem; and it is particularly important in light of emerging infections (e.g. ZIKA and West Nile viruses) and in underdeveloped countries that lack screening or established inactivation procedures (Bihl et al. 2007 ); (3) Treatment of active herpes simplex virus 1 (HSV-1) and 2 (HSV-2) infections (e.g. herpes keratitis, herpes labialis, genital herpes).
Molecular targets of antiviral PACT
Viruses are the most diverse biological entity, and lightactivated compounds found to be effective for some viruses might be ineffective for others. Current understanding of the exact mechanisms of inactivation is rather limited, and in most studies novel compounds have not been thoroughly investigated, or are limited to the assessment of cytotoxicity and the reduction in virus yield. Most studies have found a higher susceptibility of enveloped than non-enveloped viruses to PACT, suggesting that the virus envelope is the major target for PSs (Horowitz et al. 1991; North et al. 1992; Smetana et al. 1994; Ke et al. 2014; reviewed in Costa et al. 2012b ). Using electron microscopy, a massive destruction of virus envelopes was detected after treatment with phthalocyanines containing metal ligands, leading to a significant decrease of virus infectivity of several enveloped viruses [Varicella zoster virus (VZV), HSV-1 and HSV-2], whereas non-enveloped adenovirus was largely resistant to the treatment (Smetana et al. 1994) . Nevertheless, several studies have presented evidence that non-enveloped viruses are also sensitive to direct PACT inactivation (Kasturi and Platz 1992; Gaspard et al. 1995; Costa et al. 2008 Costa et al. , 2010 Zupan et al. 2008) , which might be explained by photoactivated protein crosslinking that leads to direct damage or loss of proteins, and finally the loss of infectivity (Lenard et al. 1993; Smetana et al. 1997; Orosz et al. 2013) . At physiological conditions, non-enveloped viruses have negatively charged capsids and enveloped viruses harbour negatively charged glycoproteins on their surface, and are thus likely directly targeted by cationic porphyrins via electrostatic interactions, like previously described for Gram(−) bacteria (Karlin and Brendel 1988; Michen and Graule 2010; Liu et al. 2015) . Nucleic acids can also be directly targeted by both cationic porphyrins and phthalocyanines, and PDT can induce photocleavage of both RNA and DNA viruses (Abe and Wagner 1995; Moor et al. 1997; Mettath et al. 1999; Zupan et al. 2005; Lopez Zeballos et al. 2014) . Nonetheless, to what extent such intercalation and cleavage contributes to virus inhibition in comparison to other possible mechanisms is not clear (Zupan et al. 2005) . Moreover, in addition to direct effect of PACT on virus structure and/or genetic material, intrinsic antiviral cellular mechanisms triggered by PACT are largely unknown (Gaspard et al. 1995) .
Antiviral PACT and phthalocyanines
Phthalocyanines have been extensively studied as potent antiviral agents, in particular for inactivation of viruses in blood and blood-based products (serum, plasma, platelets, etc.) (Horowitz et al. 1991; Rywkin et al. 1992 Rywkin et al. , 1994 Rywkin et al. , 1995 Gaspard et al. 1995; Remichkova et al. 2016; Rodrigues et al. 2016b ). In most of these studies, a significant decrease in virus infectivity was observed with a variety of different phthalocyanine derivatives. However, the underlying molecular mechanisms are largely unknown. For example, the early work by Horowitz et al. using aluminum phthalocyanine derivatives (AIPc; AIPc-chloride, AIPcdisulfonate, AIPc-tetrasulfonate) showed an efficient inactivation of both cell-associated and cell-free enveloped vesicular stomatitis virus (VSV) and human immunodeficiency virus 1 (HIV-1), but not non-enveloped encephalomyocarditis virus (EMCV) in whole blood, with minimal damage to red blood cells (RBC) (Horowitz et al. 1991; Smetana et al. 1994; Ke et al. 2014) . Whereas this study suggested that the virus envelope was the major target for inactivation, Reminchkova et al. observed equally efficient inactivation of cell-free enveloped HSV-1 and vaccinia virus (VV) with cationic and anionic phthalocyanine Zn(II) complexes-PDT, but found rather striking differences between these two compounds on the enveloped bovine viral diarrhea virus (BVBV) (Remichkova et al. 2016 ). Both compounds were largely ineffective in inhibiting enveloped Newcastle disease virus (NDV), and non-enveloped Coxsakie virus B1 and human adenovirus type 5 (ADV5). One could argue that, although it has been generally accepted that efficacy of PACT depends on a metal ligand (Ben-hur et al. 1992; Horowitz et al. 1991) , at this point it is not possible to predict its activity based solely on the structure of a compound and the structure of a virus (enveloped/nonenveloped). The molecular basis for these differences is not known. Regarding the molecular action of phthalocyanines on target molecules, it is important to mention that addition of vitamin E or mannitol, antioxidants and ROS scavengers for oxygen species generated by type I mechanism can prevent damage to RBC, but the inactivation of viruses will not be affected (Rywkin et al. 1992 (Rywkin et al. , 1994 . On the contrary, quenchers of singlet oxygen, such as Lhistidine or sodium azide, protect from the PDT inactivation in several studies (reviewed in Costa et al. 2012b) . Taken together, these results indicate that free radicals have very little effect on virus inhibition and suggest the importance of singlet oxygen in virus inactivation by phthalocyanine derivatives. However, a lower and variable rate of the photoinactivation of non-enveloped T7 bacteriophages (convenient models to study important human pathogens like hepatitis A virus, HAV) and HSV-1 virus in the presence of ROS scavengers also have been observed (O'Brien et al. 1992; Egyeki et al. 2003) .
Antiviral PACT activity on cell-associated virus and virus replication have been observed in many studies, a finding that, in part, can be attributed to direct inactivation of viruses within the cell, but also to an inhibition of viruses by intrinsic antiviral mechanisms triggered by PACT. For instance, in addition to direct activity on cell-free virus, prior treatment of cells with phthalocyanines, at concentrations that do not provoke significant cytotoxicity, will generate non-permissive conditions for virus replication (Horowitz et al. 1991; Smetana et al. 1994 Smetana et al. , 1998 . Moreover, interestingly, cells infected with HSV-1, HSV-2 and VZV are gradually resistant to delayed treatment with cationic and amphiphilic phthalocyanines (up to 30-60 min after the addition of a virus), whereas amphiphilic dyes have prolonged activity (up to 3 h) probably due to their ability to penetrate cell membranes more readily (Smetana et al. 1994) . The antiviral activity can be explained by photoactivated damage to endosomes early in the infection, along with damage to envelope proteins (Smetana et al. 1998 ). On the other hand, cells treated prior to infection with different phthalocyanine derivatives, including CuPcS4, ZnPc(3-OPy)4 and ZnPc(3-MeO-Py)4, were completely refractory to non-enveloped Rhinovirus type 5(RV5) at non-toxic concentrations, and at the same time the compound was ineffective against a cell-free virus, which might indicate an undetermined intrinsic antiviral mechanism (Gaspard et al. 1995) . Obviously, more thorough analysis of cellular proteome and virus gene expression is needed to address and reveal the exact molecular mechanisms responsible for such inhibition.
Antiviral PACT and porphyrin-based cationic amphiphilic PSs
Porphyrin-based cationic amphiphilic PS are promising but poorly explored antiviral agents. The first report of antiviral PACT using cationic meso-tetrakis (N-methyl-4-pyridiniumyl) porphyrin (TMPyP4) and anionic tetrakis (4-sulfonatophenil) porphyrin (TPPS4) showed an efficient inactivation of non-enveloped MS2 bacteriophage and HAV in PBS solution and plasma. Importantly, none of these compounds were mutagenic, and the activity of cationic compound was much better with regards to the time of light exposure required to achieve significant virus inactivation, and also its activity in the absence light (Casteel et al. 2004 ). The efficiency of TMPyP4 encouraged efforts to develop more effective cationic amphiphilic PS with increased lipophilicity, such as amphiphilic meso-alkylated tetrakis (N-(n-octly)-4-pyridiniumyl) porphyrin (TOcPyP4) and tetrakis (N-(nbutyl)-4-pyridiniumyl) porphyrin (TBuPyP4) and tetrakis (N-(n-hexadecyl)-4-pyridiniumyl) porphyrin (THdPyP4), which showed similar activity against HAV and MS2. Photodynamic activity of such PS was, to a certain degree, less efficient in plasma than PBS, which can be explained by affinity to albumin and other plasma proteins that increases with an increase in hydrophobicity of the porphyrin side chain (Casteel et al. 2004 ). Similar to the case for pthalocyanines, the molecular mechanism by which cationic porphyrines inhibit viruses has not received sufficient attention. Their main mechanism appears to be through singlet oxygen (Costa et al. 2013) , and their antiviral efficacy strongly depends on the charge and the substituents in the meso-position (Costa et al. 2008 ). Silva et al. have tested several cationic β-vinyl substituted meso-tetraphenolyporphyrins at non-cytotoxic concentrations and efficiently inhibited cell-free HSV-1 (>99%), but, interestingly, the authors noted that compounds with strikingly similar chemical structures showed dramatically different inhibitory activity on HSV-1 (Silva et al. 2005) . Another recent study showed that neutral glycoporphyrins having unprotected hydoxy groups and galactopyranoside can effectively inhibit infectivity of HSV-1 and HSV-2, which was even comparable to acyclovir and foscarnet at non-toxic cell concentrations (Tome et al. 2005 (Tome et al. , 2007 . Surprisingly, in contrast to phtalocyanines which were active only if infected cells were treated early during the infection (Smetana et al. 1994) , inhibition of intercellular virus was possible even 16 h after infection (Tome et al. 2005 (Tome et al. , 2007 . Taken together, the presented studies clearly demonstrate a vast potential of PS in antiviral therapies. However, to evaluate any novel PS, it is imperative to compare it to the compounds that are already in use, such as acyclovir, foscarnet and Visudyne, and Foscan.
PDT and the immune system PDT-mediated immune responses in cancer
Activation of the immune system is an important effector arm of PDT. Ample evidence shows that both the innate and adaptive immune systems participate in PDT-induced tumour elimination (Nowis et al. 2005; Castano et al., 2006) . The immune response is activated by PDT-induced tumour cell death or damage, which triggers the release of various damage-associated molecular patterns (DAMPs) including heat shock protein 70 (HSP70), calreticulin (CRT), high-mobility group box 1 (HMDB1), and ATP (Korbelik 2006; Maeding et al. 2016; Tanaka et al. 2016) . A particularly immunogenic type of cell death is necrosis, where a lot of DAMPs are released, but apoptotic and stressed cells contribute as well, especially if the extent of damage is large and/or rapidly peaks upon PDT application (Korbelik 2006) . DAMPs activate the complement system and the resident innate immune cells such as macrophages, dendritic cells and mastocytes, which in turn orchestrate acute inflammation and recruit other innate immune subsets such as neutrophils and natural killer (NK) cells (Cecic et al. 2001; Korbelik 2006; Kousis et al. 2007 ). Several processes that follow promote tumour cell death; these include the activation of macrophages and neutrophils to promote apoptosis and/or necrosis by release of proinflammatory cytokines (such as IL-1β, TNF and IL-6), the complement system-induced damage to endothelial cells, and direct recognition and elimination of tumour cells by NK cells. Such PDT-induced inflammation can have a vaccination effect, i.e. it can elicit adaptive immune responses because activated dendritic cells increase the uptake and presentation of tumour antigens to T cells. The latter was perhaps most impressively demonstrated in experiments in which local PDT triggered the development of specific anti-tumoural CD8 effector and memory T cells that not only prevented local tumour recurrence but also eliminated distant metastases (Kabingu et al. 2007; Kleinovink et al. 2016) . Notably, mice with severe combined immunodeficiency, lacking T and B cells, were incapable of eliminating metastases, and this was reversed by the adoptive transfer of CD8, but not CD4, T cells, suggesting that CD8 T cells are indispensable for PDT-triggered long-lasting antitumoural immunity. PDT also increases the expression of MHC-related stress molecules on tumour cells, thus making them the direct targets of NK-mediated cell cytotoxicity (Park et al. 2011; Belicha-Villanueva et al. 2012) . In addition, PDT was also reported to eliminate suppressor CD4 T cells, which are often found in tumours, and associated with poor prognosis (Castano et al. 2006) . Therefore, PDT can simultaneously stimulate various anti-tumour immune mechanisms, such as acute inflammation, antigen uptake and presentation, generation of CD8 effector and memory T cells, suppressor CD4 T cell elimination, and NK activation to exert a powerful vaccination effect and provide longterm tumour remission.
The immune responses to porphyrin-based cationic amphiphilic PS have thus far not been tested in animal cancer models. However, several reports have shown their beneficial features in vitro: low dark toxicity, better selectivity for malignant cells, and higher efficiency compared to their hydrophilic PS analogues (Tovmasyan et al. 2014; Malatesti et al. 2016) . They are known to have favourable pharmacokinetic properties (Henderson et al. 1997) , and were found to be promising in in vitro and in vivo cancer models (Faudale et al. 2012; Rapozzi et al. 2014) . Importantly, because of their efficient accumulation in mitochondria, they are expected to trigger immunogenic death. Of note is the fact that they are not significantly accumulated in the nucleus and hence do not cause extensive DNA damage (Rosenkranz et al. 2000; Tovmasyan et al. 2014) , and are therefore not expected to be mutagenic themselves, which is an important feature for anticancer agents.
PDT-mediated immune responses in non-malignant applications
In contrast to the well-described beneficial effects of the immune system activation in anticancer PDT, the immune responses in non-malignant applications are less understood. In fact, both immunosupressive and immunostimulatory effects of PDT have been reported (Nowis et al. 2005; Mroz and Hamblin 2011; Kim et al. 2015) . In theory, the same vaccination effect described for anticancer PDT should facilitate adaptive immune responses to microbes, but, to the best of our knowledge, this has not yet been experimentally addressed. Nevertheless, in a murine MRSA-mediated arthritis model, Photofrin-mediated PDT stimulated strong neutrophil infiltration, which positively correlated with bacterial killing (Tanaka et al. 2012) . Neutrophil infiltration could also be triggered by pretreatment, suggesting that the proinflammatory effect of PDT can be separated from its direct effect on microbial killing. Interestingly, PS treatment during the infection optimally worked only within a narrow therapeutic window, with neutrophil infiltration being suppressed at higher doses. The latter example very vividly depicts the dual role that PDT exerts on the immune system: it can either be stimulatory or immunosuppressive (Nowis et al. 2005; Mroz and Hamblin 2011; Kim et al. 2015) . The doses required for immunosuppression are lower than those in anticancer PDT, and the immunosuppressive mechanisms are diverse, and include direct toxicity toward immune cells, and mitigation of their activation (Ratkay et al. 2000) . Direct toxicity is similar to that in cancer cells, because activated immune cells are metabolically extremely active, and thus preferentially accumulate PSs, and undergo apoptosis (Ratkay et al. 2000; Jiang et al. 2002) . For example, compared to resting T cells, activated T cells incorporated several-fold more silicon phthalocyanine (Pc) 4, especially in the mitochondria, and were more sensitive to PDTinduced apoptosis (Soler et al. 2016) . Indirect mechanisms are in place too. For example, Ce6-PDT had a strong antiinflamatory effect during in vitro and in vivo infection models with bacteria found in acne lesions (Propionibacterium acnes), primarily by suppressing proinflamatory NF-kB and MAPK signaling pathways (Wang et al. 2017) . In this case at least, no obvious direct antimicrobial effect was observed, since responses to live and heat-killed bacteria were suppressed to the same extent. Similarly, an immunosuppressive effect of a topically applied cationic PS, 5, porphyrin was recently reported in a mouse psoriasis model (Carrenho et al. 2015) . Such PDT diminished several inflammatory indicators, including oedema, proinflammatory cytokine secretion and neutrophil infiltration, and led to reduced keratinocyte proliferation.
Therefore, in psoriasis, as well as in various other chronic inflammatory diseases, PDT exerts direct immunosuppressive effects (reviewed in Mroz and Hamblin 2011; Reinhard et al. 2015) . It must be emphasized that a recent meta-analysis on psoriasis showed lower efficiency of ALA-PDT compared to the classical phototherapy (Almutawa et al. 2015) . It remains to be seen if this is an ALA-specific effect and that more optimized PS, such as perhaps the aforementioned cationic PS, would be more effective.
In summary, the prerequisites for efficient adaptive immune responses are immunogenic tumors and sufficient damage to induce adaptive response. Lesser damage, as well as a direct PDT effect on the immune cells, can sometimes lead to tolerance and/or immunosuppression. For anticancer PDT, this means that combination therapies, designed for eliciting stronger immune responses, will be more effective in tumour elimination.
Combination strategies in PDT
Some PS and/or PDT protocols do not cause (efficient) immunogenic tumour cell death, and, moreover, malignant tumours are notorious for escaping immune response (Schreiber et al. 2011) , thus limiting the success of PDT. For this reason, several combination therapies aimed at increasing tumour immunogenicity and/or boosting the ongoing immune responses are being tested. For example, immunisation with peptides from tumour antigens improved survival after Bremachlorin-PDT of aggressive mouse cancer models, and led to eradication of distal metastases and protection to tumour rechallenge (Kleinovink et al. 2016) . Similar results were found in mouse models of colon and lung carcinoma when Photofrin ® was combined with a granulocyte colony-stimulating factor (G-CSF), which stimulated innate immunity and antigen presentation (Goląb et al. 2000) . Combining PDT with low-dose chemotherapy led to a decrease in suppressor CD4 T cells and cured 70% of a mouse metastatic sarcoma model (Castano et al. 2008) . The use of combination strategies is also aimed at achieving higher impact at lower doses of each drug, thus avoiding the usual serious side effects, such as those linked with chemotherapy. A synergistic effect in killing cancer cells was found by combining two photosensitisers in PDT, zinc(II)-phthalocyanine and meso-tetrakis(4-Nmethylpyridyl)porphine (Acedo et al. 2014) .
Although one of the first requirements for a good PS is to be non-toxic without light, some recent successful examples show considerable toxicity (Faudale et al. 2012) . Certain photosensitisers were shown to be multifunctional therapeutic anticancer agents by having effects other than ROS-generation. For example, some cationic porphyrins can be employed in a cancer treatment without light activation. Di-, tri-, and tetracationic tetraaryl-porphyrins that were identified as inhibitors of the activity of the growth factor receptor tyrosine kinase were proposed for the role of inhibitiors of angiogenesis or neovascularisation. In particular, one non-symmetric porphyrin, with three positively charged pyridyl units, efficiently inhibited the activation of the basic fibroblast growth factor (bFGF) and its binding to the FGF receptor (Yayon et al. 2004) . Also, cationic pyridinium porphyrins can directly target nucleic acids (Zhao et al. 2008) . The most recent example shows that TMPyP4 binds to G-quadruplex (G4) DNA resulting in the inhibition of telomerase activity (Wei et al. 2009 ). However, TMPyP4 is not the best candidate in anticancer treatment, because it lacks selectivity and has high affinity for all the types of nucleic acids. Thus, different derivatives are now being explored for G4-nucleic acid binding, such as the one with propyl groups instead of methyl (TPrPyP4) (Wei et al. 2009) , and the tricationic porphyrin, tris(1-methyl-4-pyridinio)porphyrin, bearing the carboxyalkyl linker (TMPyP3+) (Ryazanova et al. 2016) . Nice examples of selective G4-targeting were reported for amphiphilic cationic porphyrin tri-meso(N-methyl-4-pyridyl), meso(N-tetradecyl-4-pyridyl)porphine (TMPyP4-C14) (Fig. 3) , which were successful in oncogenic KRAS pancreatic cancer cells and melanoma mouse models (Faudale et al. 2012; Rapozzi et al. 2014) .
Pathogenic bacteria can be sensitised to antibiotic therapy by PSs (Barra et al. 2015) . Tetracationic porphyrin TMPyP4 was used on Pseudomonas aeruginosa biofilms, and caused direct cell killing as well as detachment of the biofilm after light activation. The enhanced killing of the cells when TMPyP was used in the combination with tobramycin indicates a light-independent mechanism, and it has been suggested that the two mechanisms together could be employed for the treatment of biofilms and infections not easily reachable by light (Collins et al. 2010) .
A novel method in cancer therapy, the so-called photochemical internalization (PCI), uses PSs, preferably amphiphilic porphyrins, to enhance the activity of macromolecules used as cytotoxic agents by delivering them to the desired location. Photoactivation of the amphiphilic PSs, which are located in the membranes of the endocytic vesicles, leads to membrane damage and subsequent release of macromolecules into the cytosol. Cell death is a result of the presence of these cytotoxic macromolecules within the cell rather than PDT . One of the recent successful examples of this methodology includes a porphyrin-β-cyclodextrin conjugate (mTHPP-βCD) that was used to facilitate the release of the chemotherapeutic drug tamoxifen into the cytosol of breast cancer cells (Theodossiou et al. 2015) .
It is already common in clinical practice to customize anticancer therapy to best fit both the cancer type and the patient's overall condition. PDT has aforementioned advantages over other therapies, but is not equally effective with all types of tumours, and it has certain limitations concerning the depth of light penetration and the availability of oxygen in the tumour tissue. Therefore, the combination of other types of therapies and PDT, together with different diagnostic techniques, could be the most successful approach in treating cancer (Celli et al. 2010 ).
Dosimetry in PDT research and applications
Despite various advantages of PDT compared to current therapies of cancer and microbial infections, and many other possible applications outside medicine, the research area of PDT is inevitably interdisciplinary, and the resulting complexity in a study of any of its aspects could explain the somewhat slow progress. The efficiency of PDT depends on three main factors: light, drug and oxygen. However, the biologic diversity of targeted tumours or infected tissues, which differ in location, bulkiness, heterogeneity, etc., inevitably makes PDT one of the most complex iatrogenic challenges. Not to mention that, if counting on an immune-mediated PDT, one has to navigate between the Scylla and Charybdis of immunostimulatory and immunosuppressive effects, and find an optimal therapeutic window for an individual application. The relationship between the concentrations of the PS, the incubation time, available molecular oxygen, and the intensity (light fluence) and duration of irradiation (gives the overall dose of light) is nonlinear, and all these parameters depend on each other dynamically. Therefore, it is very difficult to measure all the parameters in real time and subsequently calculate the appropriate therapeutic doses . Photosensitisers of the same type can have different effects on different cell types; this makes the evaluation of their efficiency even more complicated. The difficulty in comparing published results is already present at the level of in vitro studies, because in most of them different combinations of the above-mentioned parameters are used. Evidently, the in vivo animal models and patient studies are even more complex. A recent tutorial provides instructions on what steps to take to complete in vitro characterisation of any new PS for both PDT and PACT, and offers a beacon guiding investigators towards a more unified approach (Kiesslich et al. 2013) .
There are four classes of PDT dosimetry that can be studied: explicit dosimetry, implicit dosimetry, biophysical/biological tissue response monitoring and direct dosimetry (Jarvi et al. 2006 ). Direct dosimetry is mostly concerned with monitoring the singlet oxygen, which is formed as a result of PDT, by the measurement of phosphorescence at 1270 nm. Although direct dosimetry has the advantage that it measures the final parameter responsible for direct cell killing, it is often impractical and it is still very expensive (Jarvi et al. 2006) . Implicit dosimetry consists in following PDT indirectly by measuring photobleaching of the PS. This can be done by the measurement of the decrease in fluorescence of the PS, or the absorption of the product of photobleaching (Jarvi et al. 2012) . The main advantage of implicit dosimetry is that photobleaching depends on all three PDT factors (light, drug, oxygen) and, among the two mentioned ways of measuring, a decrease in fluorescence is especially attractive because it is a very sensitive technique, relatively affordable and easy to measure (Jarvi et al. 2012) . It cannot be applied on all PSs, especially on those that are complex mixtures such as Photofrin, or endogenous protoporhyrin IX that is induced by 5-aminolevulinic acid (5-ALA), but it is more applicable with photosensitisers that are synthetic and pure compounds (Jarvi et al. 2012) . Recently, two new cationic porphyrins, mesoimidazolium-substituted porphyrin derivative (ImP) and pyridinium-substituted porphyrin derivative (PyP), were synthesised for PACT against periodontal Gram(+) and Gram(−) pathogenic bacteria, and their photophysical properties were evaluated in this context. The decrease in their fluorescence was measured over time and under PDT irradiation: PyP exhibited fast photobleaching, with much higher photostability demonstrated by ImP. Based on its rapid bleaching, PyP was proposed for clinical trials, and fluorescence monitoring was suggested for implicit dosimetry during PDT (Prasanth et al. 2012) .
Finally, a mode of cell death depends not only on a PDT dose (Plaetzer et al. 2002) but also on cell type (Wyld et al. 2001 . Therefore, dosimetry investigations in different cell types may provide evidence to facilitate the choice of the appropriate application for a certain PS. Tricationic 5-phenyl-10,15,20-tris(N-methyl-4-pyridyl)porphyrin chloride (TriP4) was more effective in photodynamic inactivation of S. aureus than human dermal fibroblasts, thus optimal dosing of this PS and light could provide selective PACT for the treatment of burn wound infections (Lambrechts et al. 2005) . In general, PS more ideal for PACT should kill the target microbial cell after rapid uptake and short irradiation, in concentrations non-toxic for mammalian cells (Alenezi et al. 2017) . Hence, extensive research of dosimetry is crucial in finding an optimal application of any new PS with proved PDT efficiency.
Conclusions
Amphiphilicity of a PS is important for its efficiency in PDT: its hydrophilicity will facilitate its distribution, and lipophilicity its cellular uptake. As such, PS can passively accumulate in target tissues, often without the need for an active targeting approach via antibodies. Amphiphilic cationic PSs seem to preferentially target mitochondria in metabolically active cancer and/or immune cells and Gram(−) bacteria, thus making them potentially attractive in anticancer, immunosupressive and antimicrobial treatments, respectively. This is not straightforward, and the search for an ideal PS based on its amphiphilic properties requires establishing the optimal ratio between the hydrophilic and hydrophobic regions, and taking into account both the number and the position of charges. The cationic amphiphilic porphyrinbased PSs have various advantages over neutral and anionic PSs. However, a challenge remains in determining the structural components in a PS that could be important in any highly selective targeting of cancer cells over non-cancer, or microorganisms over mammalian cells. All of this has been difficult so far, mostly because the protocols for PS assessment are not standardised, thus making the published studies hard to compare. It seems that there should be more systematic research with (Q)SAR studies included, which could signal the most important structural features. The models obtained should be then tested in experimental conditions to generate new data. In experimental PDT studies, it would be useful to follow suggested standardised protocols (Kiesslich et al. 2013) , and to study as many parameters as possible (drug dose, light intensity, light dose, drug-dose interval, molecular oxgen concentrations, etc.).
In recent years, cationic amphiphilic PSs have been extensively tested in antimicrobial PDT against various pathogens, especially in dermatology and dentistry, while they were somewhat less present in anticancer PDT research. High numbers of publications have evaluated cationic meso-tetraarylporphyins as PSs for various PDT applications, and have indicated that the structures with the higher number of positive charges, but also with certain lipophilicity, asymmetrically distributed, such as in dicationic cis-isomers, seem to be the most efficient. What seems to be lacking, especially in PACT studies, are mechanistic analyses that could provide more information on targeting at a molecular level. On the other hand, further dosimetry studies are needed to find optimal applications, and to maximise the PDT effect in targeted cells while minimising the off-target effects. Finally, an emerging area of PDTs worth investigating are combination therapies where a PS can be used as a multifunctional drug, or in combination with other anticancer, antimicrobial and immunosuppressive agents, to induce synergistic or additive effects, and overcome the limitations of monotherapies. With all the challenges ahead, it is our belief that standardisation in upcoming PDT research is of utmost significance, and is as important or even more important as the discovery of new compounds.
